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NAL: CASCODE RF POWER AMPLIFIER
DESIGN DESCRIPTION
Quentin A. Kerns

5 June 1969

This description supplements the electrical and mechani-
cal drawings of the NAL power amplifier. Contributions to
the design have come from the entire RF Section, with major
efforts by G. Rees, G. Tool, W. Miller, V. Kelleghan, and
J. Rzeczkowski. R. Ducar contributed the Ciran B results.

The electrical and mechanical requirements of the NAL

rf power amplifiers derive from two main considerations:

1) The amplifiers are located in the machine en-
closure, tightly coupled electrically and mechani-
cally to the rf cavities. (Drawing #0330.00-
ME-5021)

2) The amplifier signal path is an integral part
of the feedback loop for cavity voltage

stabilization.

The first consideration dictates that the amplifier
package be compact, and plug-in replaceable. The second
consideration dictates a signal delay not over 50 nano-
seconds through the amplifier chain, from the 1 watt input

port to the 100 kW output connection at the power tube anode.
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A block diagram of the amplifer from the 1 watt input to
the 100 kW output is shown in Drawing #0330.00-EB-5010. The
individual element delays as computed are shown on this
drawing and total 41.5 nsec for the complete amplifier over
the operating frequency range of 30 to 53 MHz. All of the
blocks shown on this drawing, excluding dc power supplies,
are contained in a 16 in. diameter by 30.6 in. .high cvlindrical
Iridited aluminum housing shown on Drawing #0330.00-MD-5021.
The amplifier can be dismantled into separate modules in the
workshop. All connections for water and electrical leads are

made to one side of the c¢ylindrical enclosure.

Coolingn

Heat generated in the amplifier housing is removed from
the individual components and the housing by circulating
water. No forced-air cooling is used inside or outside of
the housing. Quick-disconnect water connections facilitate
rapid removal and replacement of the amplifier. Copper
tubing water circuits at different rf and dc levels within
the amplifier are coupled together with insulators of 99%
alumina ceramic tubing with brazed copper ends. An adequate

supply of low-conductivity water (2 megohm-=cm) is available.

Amplifier Maintenance

Amplifier maintenance operations in the accelerator en-
closure will be limited to removal of a defective amplifier

and replacement with a tested unit, The entire cycle of
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removal and replacement should be as simple and direct as
possible. Marman clamps and quick-disconnect hose fittings
are used to speed the replacement process.

An amplifier that has been removed from accelerator ser-
vice will be transported to a suitably-equipped repair
center where working space, tools and full test equipment
are available. At this repair center, the amplifier will
be dismantled into its respective sub-assemblies to permit
pinpointing the defect, replacement, and sub-~assembly checkout.
After reassembly, the complete amplifier package will be
exercised on a test facility and after checkout returned to

stock as a spare amplifier.

RF Level Modulation

The amplifier output power level to the cavities must
be programmed. Accelerator requirements necessitate an
anode current control range in the power tube of approximately
10 to 1. To achieve the proper current, more than one
variable must be controlled. The applied rf amplitude at
the 1 watt input port will be programmed. In addition,
provision is made for adjusting the operating point (bias)
of the 100 kW power output tube continuously during the
accelerating cycle. Such adjustment is provided by vari-
ation of grid bias to the fourteen 4CW800F tetrodes, whose
combined average plate current is equal to the output stage

cathode current. Because this method takes advantage of the
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dc gain of the 4ACW800F tetrodes, the output tube operating
point can be modulated through its full range with approxi-
mately 30 volts. The anode dc supply voltage is obtained
from a modulator whose voltage output will be varied to

follow the rf envelope at the power tube anode.

Monitoring

During accelerator operation, the rf level at indicated
points in the amplifier will be monitored via coaxial con-
nectors provided on the amplifier housing. Individual tube
dc currents in the amplifier are évailable for specialized
monitoring at the repair center. Total currents fed from
power supplies located outside the machine enclosure can be
monitored during operation. Monitor points are shown on the

schematic drawings.

Amplifier Design

Details of the various blocks shown on drawing 0330.00-

EB-5010 are indicated on the following drawings:

No. Title

0330.00-EC-5011 Cascode Power Amplifier Distributed
Amplifier-Schematic

0330.00-EC-5012 Distributed Amplifier Output
Transformer-Schematic

0330.00-EC-5013 Cascode Power Amplifier Driver-
Schematic

0330.00~EB-5014 Cascode Power Amplifier Coupling

Network and Output Stage-Schematic
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Distributed Amplifier

The first stage of the 100 kW amplifier is a six tube
distributed amplifier (Drawing #0330.00-EC-5011) contained
in the uppermost module, The six water-cooled Eimac
4CW800F power tetrodes are located 45° apart on a 12 in.
diameter circle. Electrically they are incorporated in the
usual manner into grid and anode transmission lines. A
ferrite~core transformer matches the 50 ohm input cable to
the 25 ohm grid line impedance at the 1 watt input level.
Both the grid line and the 280 ohm anode line are bridged-T
networks. The cut-off frequency of the grid and anode lines
is approximately 200 MHz, and the time delay through the
amplifier is 18.5 nsec.

The linear circuit equivalent of the amplifier has been
analyzed using the computer program CIRAN B. The amplitude,
phase and delay of the voltage transfer function are shown
as plotted by the computer in figures 1, 2 and 3 respectively
for several choices of m.

A power gain of 100 is achieved with’the following oper-

ating parameters: (voltages referred to cathode)
dc Anode Voltage 600 V
dc Screen Voltage 275 Vv
dc Anode Current (each tube) .5 A
Transconductance gm 40 mmho

Total anode dissipation 1800 W
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A resistor in series with each cathode provides grid to cathode
bias and equalizes the individual tube's contribution to the
total 32 dc anode current. The common side of each of the
cathode resistors is brought to a terminal block on the side

of the amplifier housing to allow individual monitoring of

the dc currents when testing the amplifier. During normal
operation, only the total current is monitored. Hollow

ceramic tubes complete the water circuit between the anode

line and the other heat generating components in the amplifier.

D.A. Output Transformer

A ferrite core transformer connects the single 288 ohm
anode transmission line to each of the 14 - 50 ohm input
connections of the cascode power amplifier driver (Drawing
#0330.00-EC-5012). This transformer is located at the same
elevation in the housing as the distributed amplifier, but is
mechanically supported on the cascode driver module. Separa-
tion of the distributed amplifier and cascode driver modules
involves disconnecting the single primary input rather than
the 14 secondary outpuﬁs. The transformer floats at the
-1500 V dc potential of the cascode driver input circuit.
Signal delay through the transformer is 7.25 nsec. A separate
winding on the transformer allows monitoring of the drive

level.
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Gascofle Priver

The 14 output cables of the coupling transformer drive
14 parallel Eimac 4CW800F power tetrodes. Their anodes are
in series with the cathode of a grounded-grid Eimac
4CW100,000E output tube. The 14 driver tubes, their input
circuits and a filament transformer which provides filament
power through individual secondary windings for all 20 4CWS800F
tubes (6 in distributed amplifier, 14 in cascode driver) are
mounted in a second demountable module directly below the
distributed amplifier. The input capacitance of each of the
drinr tubes is transformed to a 50 chm resistance by a
separate bridged-?, all-pass, M-derived section (Drawing
#0330.00-EC~5013). The 14 tubes are mounted in two con-
centric circles, the inner one containing 4 tubes and the
outer one containing 10 tubes. As in the distributed ampli-
fier, all screens are tied together on a conducting plane.
This plane, which is bypassed to ground by a ring of 10 kV
capacitors on which it mounts, serves as the isolating
grouhd”plane between driver input and output circuits. The
individual tube currents are equalized by a series 100 Q
resistor in each of the 14 cathodes. The return wires are
brought to a common terminal block on the side of the module
to allow individual monitoring during testing and total
current monitoring during operation. Each cathode is bypassed
to the ground plane by a ring of ceramic capacitors around the

tube base. The individual 50 ohm gfid termination resistors
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and the 100 ohm cathode resistors mount on a water-cooled

heat sink operating at the power supply voltage of -1500 VvV dc.

Cascode Coupling Network

The anode circuit of the 14 driver tubes has a total
shunt capacitance of 118 pF, and the grounded-grid input
circuit of the 4CW1l00,000E has a capacitance of about 250 pF
‘(varies with plate current in range 215 - 270 pE) when fila-
ment power is on. This capacitance is in shunt with l/gm
(15 to 30 chms) of the output tube. To provide suitable
frequency response in the range 30 - 53 MHz, a lossy series

3 @ 50 MHz) has been imrtcd be~

inductor (L - 75 nH, O
tween the 14 common anodes and the power tube cathode
(Drawing #0330.00-EB-5014).

Coaxial geometry is achieved by forming the inductor of
five 5 in. o.d. by 3 in. i.d. by 1/2 in. thick powdered iron
toroids clamped between water-cooled copper plates (Drawing
#0330.00-MD-5021). The response (power tube cathode-grid
voltage/driver current) is essentially flat in amplitude and
linear in phase in the frequency range 30 - 53 MHz. Associ-
ated with this response, there is a rising driver anode
voltage vs. frequency characteristic. The sandwich of induc-
tor toroids and copper cooling rings is held in compression
by a nut threaded on the center conductor. The upper end of
this assembly connects to the 14 anodes and the lower end

attaches to the cathode ring of the power tube. On removing
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the driver module, the spring finger anode connectionsis
opened; the inductor assembly remains as part of the output

tube assembly.

Power Output Tube

The Eimac 4CW1l00,000E output tube is mounted in a modi-
fied socket with its control grid tied directly to the
housing shell through a grounding cone. This cone supports
the water-cooled cathode plate and lossy inductor assembly.
The scresen ring is by-passed and spark-gap protected to this
ground cone. The power tube is held into the socket by the
Pimac locking device actuated from the top through a
cylindrical hole down the center of the amplifier assembly.
The filament of the tube is powdred by an electrostatically-
shielded toroidal filament transformer which surrounds the
tube base and is connected to the filament through four rf
chokes.

The anode circuit of the power tube connects to the
accelerating cavity through a ring of 12 blocking capacitors.
When the anode connection is released, the blocking capacitor
assembly and the anode dc supply lead remain as part of the
cavity. Water is connected to the anode water jacket via

alumina ceramic tubes.

Power Supplies

A listing of required power supplies is given on Fig. 4

and its accompanying table, Fig. 5. Fig. 6 shows rack panel
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sises for commercial power supplies as a guide to indicate
maximum total power supply cabinet size. It is advantageous
to reduce the power supply cabinet size to less than the

maximum dimensions.

Circuit Analysis

Attached are interpreted results of a computer analysis
of the Power Amplifier. The Ciran B program was used to ob-
tain Gain, Phase and Delay vs. Frequency_responOOI. Linear
models of the various parts of the qliﬁct ware developed.
Parametsr changes occuring in the frequency range are not ac-
counted for in the analysis.

Due to program limitations, the amplifier circuit had to
be segmented. Overall response curves were developed from
summation of data from the individual circuit blocks.

The Power Amplifier circuit was divided up in the

following manner:

CCT #1 50 to 25.5 Q Distributed Amp Input
Matching Transférmer

CCT #2 Distributed Amplifier

CCT #3 Distributed Amplifier Output

Matching Transformer

CCT #4 Cascode Amplifier and Power Tube

One stage of the DA was analyzed and results projected
for the 6 stage DA package. The curves for the DA and Cas-

code Amp areain envelope format to reflect the range of
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response dependent upon choice of the "m" factor in the
"m"-derived filter used in each of these circuits.

The Misc. Flat delays are averaged values and added to
the responses of each circuit where applicable. Linear
phase shifts due to the flat delays are also added to the

responses according to the formula:

Q
d(w) = dew $(0) = 0
o
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DESCRIPTION

Adjustable, Filament
Transformer Supply
for 4CW100,000E
Constant Voltasge Transformer

Filament Transformer Supply
for 4CW800F
Constant Voltage Transformer

Screen Grid Supply

for 4CW100,000E
(Supply Common
Floats at +600 V)

Anode Supply
for Distributed Amplifier

Screen Grid Supply
rfor Distributed Amplifier
(Zener from P.S. 4)

Screen Grid Supply

for the €ascode Driver
(Floats at -1500 V)

Programmable Grid Bias

Supply for the Cascode Driver

(Supply Common Floats
at -1500 V)

Anode Supply (PS & Modulator)

Cathode Supply for the Cascode Driver

RF POWER AMPLIFIER SUPPLIES

SUPPLIED BY MANUFACTURER

REGULATION
Vyoits  Tamps kw AGAINST
POWER LINE
DISTURBANCE
' OF +7%
- A g
360-480 pyc 8.0 4 kW +1
~ +
480 qus) 2.0 1 kW +1%
-
~ +
400 a4 1.0 400 W +1%
- +
600 4. 4.5 2.75 kW 1%
. Not
326(dc) 0.25 Applicable $0.1%
~200 W 0,
335 4c) 0.5 0.1%
40 (ac) 0.1 ~20 W +0.1%
SUPPLIED BY NAL

25 kV at 10 A

-1500 V at 10 A

Figure 5

REGULATION
AGAINST
LOAD

VARIATIONS

~1%

8
I,_l
oP

$0.1%

*0.1%

$0.1%

"RIPPLE

Not
Applicable

Not
Applicable

0.02%

£eco

8LT-NL



